Abstract
Introduction
Conservation of gene order at long evolutionary distances is a strong indicator of a functional relationship among genes (Dandekar, et al., 1998; Overbeek, et al., 1999) . Extreme examples are the tryptophan biosynthesis (Dandekar, et al., 1998) , and str ribosomal protein operons (Lechner, et al., 1989) , which are conserved from bacteria to archaea. While such functional clustering is most commonly associated with prokaryotic genomes, it can even be observed in eukaryotic genomes (Lee and Sonnhammer, 2003) . The vast amount of genomic sequence data that has become available in recent decades is a treasure trove of clues about the function of uncharacterised proteins, and the pathways in which they are involved (Gabaldon and Huynen, 2004) . High-throughput identification of gene order conservation in genomes is a promising approach for predicting the involvement of proteins in various pathways. Specific examples are the identification of conserved bicistronic loci seen in toxin-antitoxin (TA) systems (Sevin and Barloy-Hubler, 2007) , and the prediction of novel proteins involved in adaptive immunity though association with CRISPR-cas systems (Shmakov, et al., 2018) .
In addition to yielding functional predictions, the identification of conserved genomic architectures is essential for understanding the evolutionary dynamics behind the formation of gene clusters, and their restructuring, including reassembly of operons after disruption during evolution (Omelchenko, et al., 2003) .
The most widely used tools for analysing flanking gene conservation include String (Szklarczyk, et al., 2015) , and The Seed viewer (Overbeek, et al., 2005) . String includes a number of other metrics for predicting functional associations in addition to flanking gene conservation. It takes as input one protein from a representative organism in the String database, and the results often summarise evidence from a mix of orthologues (genes related by vertical descent) and paralogues (genes related by gene duplication). The region comparison tool of The Seed viewer (Overbeek, et al., 2005) offers more control over which organisms contribute to comparative neighbourhood analyses, but similarly to String uses its own pre-determined selection of organisms.
Giving the user complete control over which genes and organisms are considered for comparative analyses expands the application of flanking gene conservation analysis to several classes of problems. It allows targeted analyses to answer questions about specific proteins over any evolutionary distance the user is interested in. For example, if the interest is a very recent horizontal transfer event, it is useful to examine all strains in one species to view how the new gene has been incorporated; if a protein has a broad distribution and no known function, it is better to expand the analysis to representatives of all lineages where the protein is found. If duplication of the gene of interest has been followed by functional diversification, lineage-specific interactions can be found by searching separately for flanking genes for each paralogous group, rather than pooling all homologues together. In combination with phylogenetic analysis, flanking gene conservation analysis retraces the dynamics of genomic neighbourhood architectures over time, as well as aiding in the discrimination of orthologues from paralogues.
The FlaGs workflow
To address these challenges, we have created a Python tool for functional association prediction that gives the user complete control over which proteins and genomes are considered, and outputs figure-quality, editable vector graphics. FlaGs (standing for Flanking Genes) takes in user-determined input sequences that can come from any protein entry from any organism in the NCBI RefSeq database (around 110 million proteins as of May 2018). From an input list of accession numbers, FlaGs outputs information on the conservation of flanking genes, and their identity, in graphical and text format (Fig. 1) . Such input files are easily prepared from -for example -the output from a local, or web-based NCBI BlastP search. An optional addition to the input file is the NCBI genome assembly identifier. NCBI protein accession numbers are non-redundant in that identical proteins have the same accessions and can link to multiple genomic sequences. The benefit of including assembly identifiers is that the protein is linked to a specific genome that may have its own unique architecture. Assembly identifiers are readily available from NCBI and are usually stored locally when whole genomes are downloaded for local sequence searching by tools such as Blast and HMMer. FlaGs clusters sequences using the sensitive Hidden Markov Model-based method Jackhmmer, part of the HMMER distribution (Eddy, 2011) . The advantage of this approach is that it can be used for all levels of evolution -from across kingdoms or domains of life to the strain or isolate level -as the E value thresholds and numbers of iterations in the Jackhmmer searches can be modified by the user to control sensitivity.
The output of FlaGs always includes a to-scale diagram of flanking genes, numberand colour-coded by conservation groups. A "description" file is also part of the output, which includes the accession numbers and descriptions present in the flanking gene-encoded protein clusters and acts as the legend for interpreting the flanking gene diagram. An optional output is a phylogenetic tree that is annotated with flanking genes reduced to triangular pennant-like flags, also number-and colour-coded by conservation groups. The tree-building feature uses the ETE 3 Python environment (Huerta-Cepas, et al., 2016) , and opens a visualisation window for user interaction with the tree. If a phylogenetic tree is not required, FlaGs can also be run without using or installing ETE 3.
Conclusion
FlaGs is a flexible tool for sensitive detection of flanking gene conservation at any evolutionary distance, and display of the results in an intuitive, figure-quality graphical format. Applications of FlaGs include the discovery of novel functional associations and the analysis of gene neighbourhood dynamics during evolution. Figure 1 . The FlaGs workflow. The user inputs a list of protein accession numbers -optionally with GCF assembly IDs -and can specify the number of adjacent flanking genes to consider and the sensitivity of the Jackhmmer search though changing the E value cut-off and number of iterations. The output always includes a to-scale figure of flanking genes, a description of the flanking gene identities as a legend, and optionally, a phylogenetic tree annotated with colour-and numbercoded pennant flags.
